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ABSTRACT 
High Pressure Superheater 1 (HPSH1) is the first heat exchange tube bank 
inside the Heat Recovery Steam Generator (HRSG) to encounter exhaust flue gas 
from the gas turbine of a Combined Cycle Power Plant. Steam flowing through 
the HPSH1 gains heat from the flue gas prior to entering the steam turbine. 
During cold start-ups, rapid temperature changes in operating condition give rise 
to significant temperature gradients in the thick-walled components of HPSH1 
(manifolds, links, and headers). These temperature gradients produce thermal-
structural stresses in the components. The resulting high cycle fatigue is a major 
concern as this can lead to premature failure of the components. 
The main objective of this project was to address the thermal-structural 
stress field induced in HPSH1 during a typical cold start-up transient. To this end, 
computational fluid dynamics (CFD) was used to carry out the thermal-fluid 
analysis of HPSH1. The calculated temperature distributions in the component 
walls were the primary inputs for the finite element (FEA) model that performed 
structural analysis. Thermal-structural analysis was initially carried out at full-
load steady state condition in order to gain confidence in the CFD and FEA 
methodologies. 
Results of the full-load steady state thermal-fluid analysis were found in 
agreement with the temperature values measured at specific locations on the outer 
surfaces of the inlet links and outlet manifold. It was found from the subsequent 
ii 
 
structural analysis that peak effective stresses were located at the connecting 
regions of the components and were well below the allowed stress values.  
Higher temperature differences were observed between the thick-walled 
HPSH1 components during the cold start-up transient as compared to the full-load 
steady state operating condition. This was because of the rapid temperature 
changes that occurred, especially in the steam temperature at the HPSH1 entry, 
and the different rates of heating or cooling for components with different wall 
thicknesses. Results of the transient thermal-fluid analysis will be used in future 
to perform structural analysis of the HPSH1.  
The developed CFD and FEA models are capable of analyzing various 
other transients (e.g., hot start-up and shut-down) and determine their influence on 
the durability of plant components. 
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INTRODUCTION 
1.1 Heat Recovery Steam Generator (HRSG) 
The Heat Recovery Steam Generator (HRSG) is an important component 
of combined cycle power plants (CCPPs). CCPPs utilize gas turbines as well as 
steam turbines to generate electricity. The HRSG extracts thermal energy from the 
gas turbine’s exhaust (flue) gas to heat feed water and produce steam. This steam 
is then expanded through a steam turbine. Thus, the performance of the HRSG 
greatly affects the efficiency of a CCPP. 
The HRSG is mainly comprised of multiple series of heat exchange tube 
banks. Flue gas flows over the tube banks and transfers heat to the steam/water 
flowing through the tubes. In addition to the tube banks, the HRSG contains 
carbon monoxide (CO) and selective catalytic reduction (SCR) catalysts for 
controlling of flue gas emission. The HRSG flue gas is eventually discharged to 
the atmosphere through a stack. 
HRSGs are categorized into two types, based on steam pressure levels [1]: 
1. Single-pressure 
2. Multi-pressure 
A single-pressure HRSG has only one steam drum and generates steam at one 
pressure level, whereas the multi-pressure HRSG generates steam either at two or 
three pressure levels. The triple-pressure HRSG generates steam at: high pressure 
(HP), intermediate pressure (IP), and low pressure (LP), correspond to three 
CHAPTER 1  
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sections of the associated steam turbine. For each pressure level, the HRSG 
contains superheater, evaporator, and economizer tube banks. 
HRSGs are also categorized as either horizontal-tube or vertical-tube, 
based on the orientation of tube banks, and horizontal or vertical, based on the 
direction of flue gas flow in the HRSG [1]. 
A triple-pressure, vertical-tube, horizontal HRSG is analyzed in this work. 
1.2 High Pressure Superheater (HPSH) of HRSG 
The High Pressure Superheater is comprised of a series of tube banks 
within the HRSG; it supplies superheated steam at high pressure to the HP section 
of the steam turbine. Typically, steam is fed to the superheaters from the top of 
the HP steam drum, which collects steam/water from HP evaporators. The tube 
banks are placed in the hottest flue gas zone near the HRSG entrance; these are 
followed by IP and LP tube banks that supplies steam to the IP and LP sections of 
the steam turbine. 
There are two types of HPSH assemblies: multi-row harp assembly and 
single-row harp assembly. In the multi-row harp assembly, multiple rows of harp 
tubes are connected to a common header; in the single-row harp assembly, each 
row of harp tubes is connected to one header. 
The work reported in this thesis deals with HPSH1, which is the first 
HPSH tube bank to encounter the exhaust flue gas. 
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1.3 Motivation for this work 
The high pressure components such as HPSH in HRSGs are designed and 
built in accordance with standard codes and rules [2] for the base-load operating 
mode. In recent years, however many plants have been required to operate more 
in the load-following mode rather than in the base-load mode. This has given rise 
to thermal fatigue concern for these components. Previous studies have indicated 
that the interconnected parts of the HPSH, with different wall thickness, are 
highly susceptible to thermal fatigue damage in the load-following mode [3,4]. 
The stepped-component-thickness design of the single-row harp assembly does 
distribute the thermal stress among the components [5]. Nevertheless, during cold 
start-up, rapid temperature changes occur in the steam and flue gas, this giving 
rise to large temperature gradients in the thick-walled components of the HPSH 
such as headers, links, and manifolds. These temperature gradients produce 
thermal-structural stresses, which result in high cycle fatigue in the parts. 
Thermal-structural analyses of HPSH components are therefore necessary for 
transient operating conditions such as cold start-up. 
1.4 Literature survey 
 Researchers and industry personal have been engaged in several studies to 
analyze the effects of thermal-structural stresses on the HPSH components during 
transient operations. A summary of some of these works is as follows. 
T. B. Brown (1994) of Babcock assessed the effect of thermal transients 
on the long-term creep-fatigue damage of HRSG components caused by two-shift 
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operation of CCPPs. Analysis was performed for the superheater outlet header, 
the part most susceptible to creep-fatigue damage. This part was modeled by the 
finite element (FEA) method; steam temperature and heat transfer coefficient 
obtained from thermal design analysis were inputs. The resulting stress 
distribution pointed the internal crotch of the header and tube as being the peak 
stress location. Babcock also developed a method of online thermal fatigue 
monitoring based on FEA methodology [6]. Transfer functions were used to relate 
the temperature values measured at the outer surface of the outlet header with the 
thermal stresses induced in the part. These transfer functions were derived before 
the online monitoring system was installed. 
Lu and Wilson (1998) developed an online life monitoring system for two-
shifting CCPPs that calculated the thermal stresses and fatigue life usage of 
selected high pressure, thick-walled components, such as headers and manifold, 
of the HPSH during transient operations. The recursive identification method and 
Laplace transfer function were proposed to concurrently calculate the inner 
surface temperature and the subsequent thermal stress from the measured outer 
surface temperature of the components.  To simplify the calculations, the 
cylindrical components were treated as a plate insulated on one side (flue gas), 
with constant convective heat transfer coefficient on other side (steam). The 
results were compared with accurate solutions, this affirming that these methods 
were fast, reasonably accurate, and suitable for engineering calculations of online 
stress monitoring. 
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Węglowski, Taler, and Duda [2003] studied the transient temperature and 
stress distributions in thick-walled pressure components of HRSG, such as HPSH 
and reheater headers, during start-up and shut-down operating conditions. First, 
time and space dependent temperature distributions in the components were 
calculated using the inverse heat conduction method [9,10] from measured 
temperature values taken at the selected points on the outer surface of the 
components. Next, thermal stresses were determined from the temperature 
distributions using the FEA method. Measured pressure changes were used to 
calculate internal pressure-caused stresses. It was concluded that during transient 
operations the calculated stresses in the HPSH header were considerably smaller 
than the allowable values. 
Bauver, Perrin, and Mastronarde in collaboration with ALSTOM [2003] 
addressed issues related to the fatigue damage of critical components of large 
HRSGs during fast start-up operating condition. Superheater outlet headers were 
identified as the critical components that needed to be analyzed. Insulated 
thermocouples were installed at selected locations on the outer surfaces of tubes 
and outlet headers of the superheater to monitor their thermal and mechanical 
responses during transient operation. Thermal stress analysis of the components 
was performed using the FEA method. Tube row-to-row temperature difference 
due to temperature drop in the flue gas along rows, tube-to-header temperature 
difference due to the differential heating of the components with different wall 
thickness, and component-to-component temperature difference due to the rapid 
6 
 
internal heating by steam were the main issues addressed in this analysis. It was 
concluded that stepped component thickness design and single-row harp assembly 
improve the thermal response of a superheater during fast start-up. 
An Electric Power Research Institute (EPRI) report [2009] presented a 
detailed quantitative approach to analysis of the thermal-mechanical damage on 
high pressure thick-wall components of HRSG during start-up and shut-down of 
CCPPs. Two methods, European standard EN12952-3 and FEA, were employed 
to calculate the permissible number of operating cycles for the high pressure 
components corresponding to each type of transient. Case studies were performed 
for two outlet header designs with wall thicknesses of 1.2 inch (thin) and 2.5 inch 
(thick), respectively. These two designs were analyzed for “as-found” start-up and 
shut-down operating conditions of the plants. Based on this analysis, the optimum 
start-up and shut-down operating procedures were developed to minimize fatigue 
damage in the outlet headers of superheater while maintaining important 
operating characteristics. It was concluded that the thickness of HPSH headers 
should be less than 1.2 inch and optimized transient operating procedures are 
critically important for reducing creep-fatigue damage for thick-wall as well as 
thin-wall headers. 
1.5 Scope of work 
 The main objective of this work is to address the thermal-structural stress 
field induced in the HPSH1 of Santan Unit-5B HRSG during a typical cold start-
up transient. To this end, Computational Fluid Dynamics (CFD) and Finite 
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Element Analysis (FEA) models were developed to carry out the thermal-fluid 
and structural analysis, respectively. ANSYS-Fluent, a commercial CFD tool, was 
used for the thermal-fluid analysis to obtain the inner and outer surface 
temperature distributions in the HPSH1 components.  The calculated temperature 
distributions in the component walls were the main inputs for the FEA tool, 
Siemens NX 7.5, that obtained the thermal-structural stress field in the 
components. Prior to the transient cold start-up analysis, thermal-structural 
analysis was performed for the full-load steady state operating condition in order 
to gain confidence in the CFD and FEA methodologies. The required input data 
for the full-load steady state and cold start-up transient analyses were procured 
from the Santan plant personal.  
Analysis was carried out for one symmetrical half of the HPSH1 to reduce 
computational cost. 
1.6 Organization of thesis 
Detailed descriptions of the Santan Unit-5B HRSG and its HPSH1 are 
provided in chapter 2. 
 In chapter 3, the operating conditions for full-load steady state and cold 
start-up transient analysis are provided. This chapter also contains details 
pertaining to the modeling of key HRSG internal components. The methodologies 
for modeling flue gas flow inside the HRSG and steam/water flow through the 
HPSH1 tube bank as well as the solution approaches for steady state and transient 
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analysis are included. Thermal and physical properties of the flue gas, steam, and 
wall material used in CFD simulations are provided in this chapter. 
 Chapter 4 gives an overview of the CFD tool, ANSYS-Fluent, employed 
to perform the thermal-fluid analysis of HPSH1. It explains the governing 
conservation equations, turbulence model, wall function, pressure-velocity 
coupling, and the boundary conditions used to solve the governing equations. 
 Chapter 5 presents results and their discussion for the thermal-fluid and 
structural analysis at full-load steady state operating condition.  
Chapter 6 presents results and their discussion for the thermal-fluid 
analysis during a cold start-up transient. The transient structural analysis, which 
will be performed at a later date, is also discussed in this chapter. 
Finally, chapter 7 offers concluding remarks for the thermal-fluid and 
structural analysis at full-load steady state, and the thermal-fluid analysis for cold 
start-up transient operating conditions. Possible future directions for this project 
are also suggested. 
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SALT RIVER PROJECT SANTAN GENERATING STATION UNIT-5B 
The Salt River Project (SRP) Santan generating station, located in Gilbert, 
AZ, comprises of five one-on-one, and one two-on-one combine-cycle units 
generating approximately 1200 MW of electricity (e). This chapter details the 
HRSG and HPSH1 of unit-5B. 
2.1 Unit-5B and its HRSG 
Unit-5B is a part of the two-on-one combined-cycle unit of the Santan 
generating station. The capacity of the unit-5B gas turbine is 150 MWe and that 
of the steam turbine is 300 MWe. A schematic of the unit is shown in figure 2.1. 
A triple-pressure, vertical-tube bank, horizontal HRSG is contained in this 
unit. The HRSG contains five tube bank modules corresponding to different 
pressures of steam/water flowing through them. Gas turbine exhaust flue gas 
flows across the modules in the following order: 
Module one: This is the first module to encounter flue gas and consists of the 
following tube banks: 
HPSH1 
Reheater 1 (RHTR1) 
HPSH2 
Module two: The second module consists of the following tube banks: 
HPSH3 
Reheater 2 (RHTR2) 
CHAPTER 2  
  
 
Figure 2.1 Santan Unit-5B 
1
0
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HPSH4  
High pressure evaporators 1 (HPEVAP1) 
High pressure evaporators 2 (HPEVAP2) 
Module three: This module consists of the following tube banks: 
High pressure economizer 1 (HPECON1) 
Intermediate pressure superheater (IPSH) 
Low pressure superheater (LPSH) 
High pressure economizer 2 (HPECON2) 
Intermediate pressure evaporator (IPEVAP) 
Module four: The fourth module consists of the following tube banks: 
High pressure economizer 3 (HPECON3) 
Intermediate pressure economizer (IPECON) 
High pressure economizer 4 (HPECON4) 
Low pressure evaporator (LPEVAP) 
Module five: The last module consists of the following tube banks: 
Feed-water preheater 1 (FWHTR1) 
Feed-water preheater 2 (FWHTR2) 
Feed-water preheater 3 (FWHTR3) 
 The steam/water flow path for the HP series is as follows: water from the 
feed-water preheaters flows sequentially through HPECON 4, 3, 2, and 1 and 
enters the HP steam drum. From the drum bottom, water is supplied to the HP 
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evaporators via a downcomer; and a steam-water mixture is collected back in the 
drum from the evaporators.  
 Saturated steam exits from the top of the drum and passes sequentially 
through the HPSH 4, 3, 2, HP desuperheater, and HPSH1. The HPSH1 supplies 
steam to the high pressure section of the steam turbine.  
 The steam/water flow paths from the feed-water preheaters to HP, IP, and 
LP sections of the steam turbine are shown in figure 2.1. The expanded steam 
from the exit of the steam turbine HP section is routed sequentially through 
reheaters 2 and 1, and fed to the IP section of the steam turbine. 
In addition to the tube banks, the HRSG contains a perforated plate 
upstream of module one that helps distribute the flue gas entering the HRSG. A 
duct burner immediately downstream of module one provides supplemental heat 
to the flue gas if needed. The SCR and CO catalysts downstream of module two, 
figure 2.2, control emissions of NOx and CO into the atmosphere. 
 
Figure 2.2  HPSH1 position inside the HRSG 
  
 
Figure 2.3 The HPSH1 assembly inside the HRSG 
1
3
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2.2 HPSH1 of the HRSG 
HPSH1 is the first tube bank to encounter the exhaust flue gas from the 
turbine. Its position and assembly inside the HRSG are shown in figures 2.2 and 
2.3, respectively.  
The baffles shown in figure 2.3 are kept at HRSG casing level. The 
HPSH1 assembly is symmetrical about the x-y plane passing through the middle 
of the HRSG width in z direction. One symmetrical half of the assembly is shown 
in figure 2.4. 
The components (their numbers given in parenthesis) for one symmetrical 
half of the HPSH1 assembly, in sequence of steam flow through them are: inlet 
manifold (1); inlet links (3x3); inlet headers (1x3); harp tubes (42x3); outlet 
headers (1x3); outlet links (3x3); and outlet manifold (1). 
Main steam enters the inlet manifold from the desuperheater and flows 
into three inlet headers, with three inlet links provided for each header.  
From each header, steam is distributed into a row of 42 harp tubes and 
collected back in the corresponding outlet header.  
The steam then flows into the outlet manifold through nine outlet links, 
with three outlet links provided for each outlet header.  
Finally, the steam flows from the outlet manifold to the main steam line, 
which supplies steam to the steam turbine HP section. 
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Figure 2.4 One symmetrical half of the HPSH1 
Inlet 
links 
Inlet 
headers 
Inlet manifold 
Outlet manifold 
Outlet  
links 
Outlet 
headers 
Harp 
tubes 
Main steam from desuperheater 
Main steam to 
the HP turbine 
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FLOW AND HEAT TRANSFER MODELING 
3.1 Two operating conditions for Santan Unit-5B 
In order to monitor the performance of the unit, several important 
variables are measured during full-load steady state as well as cold start-up 
(transient) operating conditions. 
The values of variables required for thermal-fluid analysis of the HPSH1 
were supplied to us by the Santan generating station personnel. 
3.1.1 Full-load steady state 
The operation data for the full-load steady state condition of the unit was 
procured on November 1, 2011. The measured variables are listed in table 3.1. 
Flue gas mass flow rate at HRSG inlet 420 kg/s 
Flue gas temperature at HRSG inlet 886.5 K 
Steam mass flow rate at HPSH1 exit 53.5 kg/s 
Steam temperature at HPSH1 inlet 755.5 K 
Steam temperature at HPSH1 exit 840.0 K 
Steam pressure at HPSH1 exit 7532522 Pa (g) 
Table 3.1 Full-load steady state operating conditions 
We note here that the steam enters HPSH1 in superheated state. 
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3.1.2 Cold start-up transient 
The data for one cold start-up transient was procured on June 14, 2011 
during the interval of 11:15 hrs. to 15:00 hrs. after every 30 seconds. Measured 
were the values of main steam mass flow rate and pressure at HPSH1 exit, steam 
temperatures at HPSH1 inlet and exit, and flue gas mass flow rate and 
temperature at HRSG inlet. These data are shown as time series plots in figures 
3.1, 3.2, and 3.3, respectively. 
 
Figure 3.1 Main steam pressure and mass flow rate at HPSH1exit 
The steam mass flow rate at HPSH1 exit, shown in figure 3.1, is initially 
very low – it is less than five percent of the typical steady state value for the time 
interval 11:16 hr. – 11:23 hr.. The unit reached steady load mode of operation at 
14:04 hr. Analysis was performed of the data between 11:23 hr. – 14:09 hr.. 
During this time interval of 9930 seconds, steam mass flow rate at the HPSH1 
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exit increased from approximately five percent to hundred percent of the eventual 
steady value. 
 
Figure 3.2 Main steam temperatures at HPSH1 inlet and exit 
 
Figure 3.3 Flue gas mass flow rate and temperature at HRSG inlet 
It would have been very time-consuming to carry out analysis of the data 
time series with sharp fluctuations in these. As such, the fluctuations were 
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smoothed using piecewise polynomial functions. The smoothed time series plots 
corresponding to the figures 3.1, 3.2, and 3.3 are shown in figures 3.4, 3.5, and 
3.6, respectively. 
 
Figure 3.4 Smoothed main steam pressure and mass flow rate at HPSH1exit 
 
Figure 3.5 Smoothed main steam temperatures at HPSH1 inlet and exit 
 20 
 
 
Figure 3.6 Smoothed flue gas mass flow rate and temperature at HRSG inlet 
3.2 Modeling of HRSG internal components for flue gas pressure drop 
calculation 
 The main components are a perforated plate, the tube banks, and SCR and 
CO catalysts. Flue gas experiences a pressure drop as it flows through each of 
these components. The “radiator” feature in ANSYS-Fluent was employed to 
model the pressure drop across the components. 
The radiator is considered as an infinitely thin plane, and the pressure drop 
through it is proportional to the dynamic head of fluid upstream [12]: 
        (
 
 
   )          (1) 
where,    is the loss coefficient for radiator,   is density of the fluid,   is 
the streamwise velocity of fluid upstream of the radiator, and    is the pressure 
drop across the radiator. 
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The loss coefficient for the radiator is the input parameter for ANSYS-
Fluent and calculated from equation (1) using the pressure drop value and the 
dynamic head of flue gas. To do this, the pressure drops across the components 
are calculated as follows. 
3.2.1 Perforated plate 
The perforated plate is considered to be a thick plate because the ratio of 
plate thickness and perforation diameter is larger than 0.015. The pressure drop 
across the plate is proportional to the dynamic head of the flue gas upstream of 
the plate and is calculated as: 
      (
  
  
)        (2) 
where,   is the pressure drop coefficient. 
 
Figure 3.7 Pressure loss coefficient for a thick perforated plate 
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The pressure drop coefficient is determined from the graph shown in 
figure 3.7 [13]. It depends on the free area coefficient,   ̅ and the shape of the 
perforation edge, l/dh. 
  ̅  
  
 
                           (3) 
where, Fo is the net free area of the plate, and F is  the area of the plate. 
3.2.2 Tube banks 
Flue gas pressure drop across various tube banks are calculated using 
Extended Surface Corporation of America (ESCOA) method [11]. The pressure 
drop is a function of the geometry of the tube, the arrangement of tubes in the 
tube bank, and the Reynolds number of flue gas.  
The typical arrangement of a finned tube bank is shown in figure 3.8. 
 
Figure 3.8 Finned tube bank 
  The pressure drop is calculated as: 
    [      (
  
  
)
   
]  
  
    
           
                        (4) 
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In equation (4), C2, C4, and C6 are Reynolds correction factor, geometry 
correction factor, and non-equilateral & row correction factor, respectively. 
They are calculated using Weierman correlations [11] as: 
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where, 
 Nr: number of tube rows  Gn: mass flue gas velocity (lb/hr/ft
2
)   
 m: mass flue gas flow rate (lb/hr)  tw: tube thickness   
 pt: transverse pitch  Ac: cross sectional area of HRSG 
 sf: fin spacing  f/in: number of fins per inch  
 ld: tube inner diameter  Amin: net free area for flue gas  
 do: tube outer diameter  Re: Reynolds number   
 pl: longitudinal pitch   av: bulk flue gas density   
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 tf:  fin thickness    µb: bulk viscosity 
 fd: fin diameter    lf :  fin height 
 Except for module one, the tube banks are modeled as a single radiator. The 
HPSH1 tube bank is modeled separately from the other two tube banks (RHTR1 
and HPSH2) of module one.  
A radiator is placed at the front plane of each modeled tube bank. 
3.2.3 SCR and CO catalysts 
 The SCR and CO catalysts are modeled together as one radiator. The 
radiator is placed at the front plane of the SCR catalyst.  
 The flue gas pressure drop across the catalysts is known to be 1.5 inches 
of water from the plant measurements corresponding to the full-load steady state 
flue gas mass flow rate of 420 kg/s. This pressure drop is used to calculate the 
radiator loss coefficient. 
 3.3 Velocity and pressure distribution model of flue gas flow in HRSG  
Flue gas velocity and pressure distributions in the HPSH1 region are 
required inputs for the thermal-fluid analysis. The modeling of flue gas flow in 
the HRSG is done in two parts: the stack and the HRSG. 
3.3.1 The stack model 
This model establishes the pressure value at the inlet to the HRSG stack, 
the inlet y-z plane being the outlet plane of the HRSG. The stack is 19 ft. in 
diameter and of 165 ft. height, figure 3.9. The outlet of the stack is open to the 
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atmosphere. Hence, the flue gas pressure at this outlet plane is the atmospheric 
pressure, i.e., 0 Pa (gage) for both steady state and transient conditions. 
 
Figure 3.9 The stack model 
3.3.2 The HRSG model 
The inlet plane of the HRSG model is the outlet plane for exhaust flue gas 
from the gas turbine, and the outlet plane of the model is the inlet plane of the 
stack model. The HRSG model geometry is shown in figure 3.10.  
Mesh for the HRSG model with tetrahedral and hexahedral elements is 
shown in figure 3.11. 
The flue gas mass flow rate at the inlet y-z plane and the pressure 
distribution at the outlet y-z plane are used as the inlet boundary condition and the 
outlet boundary condition, respectively. The pressure distribution at the HRSG 
outlet plane is obtained from the stack model. 
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Figure 3.10 The HRSG model geometry 
 
Figure 3.11 Mesh for the HRSG model 
3.4 Velocity, pressure, and temperature distribution model of steam and flue 
gas flows in HPSH1  
The thermal-fluid analysis is performed for one symmetrical half of the 
HPSH1 assembly to reduce computational cost. Due to the still-large 
computational domain, the HPSH1 assembly is modeled in three separate 
sections: inlet section, harp tube section, and outlet section, figure 3.12. The 
portions of the outlet section, y = 0 ft. – 0.93 ft., and the inlet section, y = 65.2 ft. 
Tetrahedral 
elements 
Hexahedral 
elements 
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– 66.0 ft., inside the HRSG casing are also shown in figure 3.12. These sections 
are coupled with the mass flow rate, temperature, and pressure of steam. This 
means steam mass flow rate, temperature, and pressure at the exit of the inlet 
section is the inlet mass flow rate, temperature, and pressure for the harp tube 
section, and steam mass flow rate, temperature, and pressure at the exit of the 
harp tube section is the inlet mass flow rate, temperature and pressure for the 
outlet section. 
 
Figure 3.12 Three sections of one half of the HPSH1 
3.4.1 Steam and flue gas flow modeling for the inlet section 
The inlet section consists of the inlet manifold, the links, the headers, and 
the unfinned portion of the harp tubes as shown in figure 3.13. Baffles for this 
section are situated at the level of the headers center line.  
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The inlet section model has fluid domains for steam and flue gas, and solid 
domain for P91 wall material. 
The main steam enters the inlet manifold and exits from the unfinned harp 
tubes, whereas the flue gas enters through an y-z plane upstream of the tubes, and 
exits from an y-z plane downstream of the tubes, figure 3.13. The arrangement of 
the section is shown in figure 3.14. 
 
Figure 3.13 Inlet section of HPSH1 
The meshed region and number of mesh cells for the inlet section model 
are provided in figure 3.15 and table 3.2, respectively. The cross-section of the 
meshed walls of inlet manifold, links, and headers are shown in figure 3.16. 
Solution approaches for the inlet section are explained in section 3.5. 
Velocity, pressure, and temperature distributions in main steam and flue gas are 
solved for the inlet section. Convective heat transfer on steam and flue gas sides, 
and conductive heat transfer through component walls are also solved for the 
section. 
Wall 
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Figure 3.14 Arrangement of the inlet section 
 
Figure 3.15 Meshed region of the inlet section 
Domain Number of cells 
Steam 533643 
Flue gas 687448 
P-91 1388125 
Total 2609216 
Table 3.2 Number of mesh cells for the inlet section 
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Figure 3.16 Cross-section of the meshed wall for the inlet section 
3.4.2 Steam flow modeling for the harp tube section  
The harp tube section consists of finned lengths of harp tubes. The 
arrangement associated and dimensions of the tubes are shown in figure 3.17. 
 
Figure 3.17 Finned HPSH1 harp tubes 
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Number of rows: 3     Number of tubes: 3 x 42 
Arrangement: staggered    Type of fins:  solid/helical  
Longitudinal pitch (Pl): 4.625in   Transverse pitch (Pt): 3.500in  
Outside diameter: 1.500in    Tube thickness (tw): 0.174in  
Length of the tubes: 64.28 ft    Fin spacing (sf): 0.235in  
Fin thickness (tf): 0.05in    Fin length (lf): 0.5in  
The harp tube section has a fluid domain for steam and solid domain for 
the P91 wall material. The meshed region and cell numbers for a typical tube are 
shown in figure 3.18 and table 3.3, respectively. 
 
Figure 3.18 Top view of a typical meshed harp tube 
Domain Number of cells 
Steam 189,612  
P-91 wall 126,408  
Total 316,020  
Table 3.3 Number of mesh cells for a typical tube 
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Velocity, pressure, and temperature distributions of steam for the section 
are solved. Also solved are the convective heat transfer on the steam side and 
conductive heat transfer through the tube wall. The convective heat transfer on the 
flue gas side is calculated using heat transfer coefficient and flue gas temperature 
at the outside surface of the wall. 
The finned harp tubes are modeled as bare (i.e., unfinned) tubes and an 
‘equivalent’ heat transfer coefficient is calculated for the outside surface of the 
bare tube bank such that equal heat transfer occurs for the bare and finned tube 
banks as given by equation (13). 
      (     )                                                      (     ) (13) 
(heat transfer for actual finned tube bank)              (heat transfer for ‘equivalent’ bare tube bank) 
where, 
hf :   outside heat transfer coefficient for finned tube bank 
hequ: equivalent outside heat transfer coefficient for the ‘equivalent’ bare 
tube bank  
Aeff : effective outside area for finned tube bank  
Ab: outside area for the ‘equivalent’ bare tube bank  
To:   outside flue gas temperature   
Tb:   outside surface temperature for the tube bank 
 The calculations for the equivalent outside heat transfer coefficient and the 
outside flue gas temperature for the bare tube bank are explained next. 
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3.4.2.1 Outside heat transfer coefficient for harp tube bank 
The equivalent outside heat transfer coefficient for the ‘equivalent’ bare 
tube bank is calculated using equation (14), which is derived from the equation 
(13). 
      
      
  
                                                                                          (14) 
The outside heat transfer coefficient for the finned harp tube bank is 
calculated using Wierman correlation [11]. 
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C1, C3, and C5 are determined as: 
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The effective area for the finned tube bank is calculated as: 
                                (19) 
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where, 
lf = fin length    Sf = fin spacing  
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tf = fin thickness   k = thermal conductivity of fin 
Pr = Prandlt number for flue gas df  = fin diameter 
do = tube outside diameter   di = tube inside diameter  
Afin = fins area for finned tube Abase = base area for finned tube 
To = flue gas temperature   Tf  = average fin temperature  
The equivalent outside heat transfer coefficient for the ‘equivalent’ bare 
tube bank is calculated for a range of flue gas velocities to accommodate non-
uniformity in the flue gas velocity upstream of the tube bank. The plots of hequ 
and hf vs. the flue gas velocity are shown in figure 3.19.  
A polynomial function of flue gas velocity, which is function of height (y), 
is used to define the equivalent outside heat transfer coefficient in the harp tube 
model. 
 
Figure 3.19 Outside heat transfer coefficient for harp tube bank 
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3.4.2.2 Flue gas temperature for harp tubes 
Flue gas temperature at the HRSG inlet is measured for full-load steady 
state and cold start-up (transient) operating conditions. The outside flue gas 
temperature for the harp tubes is determined with two approaches and detailed in 
the following. 
3.4.2.2.1 Uniform along the tube length 
In this approach, flue gas temperature is assumed to be uniform along the 
harp tube length (y-axis) as well as in the transverse direction (z-axis). That there 
is a gradual temperature drop in the flue gas as it progresses over the harp tube 
rows is taken into account.   
Flue gas temperature upstream of tube row 1 is assumed to be equal to its 
temperature at the HRSG inlet as the HPSH1 is the first tube bank to encounter 
the flue gas.  
The flue gas temperature downstream of row 3 is calculated using heat 
balance between flue gas and steam as given in equation (24). The heat balance 
assumes that steam temperatures at the inlet and the outlet of harp tube section 
are, respectively, equal to main steam temperatures at the inlet and the exit of 
HPSH1. This assumption will be justified later in the results sections 5.2 and 6.2. 
(       )     
(    )                     (24) 
where, 
m = mass flow rate cp = specific heat capacity of the flue gas 
   = steam enthalpy difference between the inlet and exit of HPSH1 
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    = T1-T2 
T1 = flue gas temperature upstream of row 1 tubes 
T2 = flue gas temperature downstream of row 3 tubes 
 
Figure 3.20 Uniform flue gas temperature along the tube length 
Flue gas temperature downstream of row 1 and row 2 are calculated by 
linear interpolation between T1 and T2, figure 3.20. The temperature for each row 
is calculated by taking the average of upstream and downstream temperature of 
that row. 
3.4.2.2.2 Non-uniform along tube length 
In this approach, the flue gas temperature distribution is calculated using 
the Fluent NTU macro model. This model is used only for the full-load steady 
state condition. 
The Fluent NTU macro model solves heat transfer through a series of tube 
banks (heat exchanger - HX) for non-uniform velocity profile of the primary fluid 
flowing outside the HX. 
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The HX is treated as a fluid zone and is sized to its actual physical 
dimensions. The heat transfer from the auxiliary fluid, flowing inside the HX, to 
the primary fluid is a source term in the energy equation of the primary fluid.  
In the present case, the harp tube bank is the HX, flue gas is the primary 
fluid, and steam is the auxiliary fluid. The HX is subdivided into macroscopic 
cells, macros, along the steam path as shown in figure 3.21.  
Each macro has a different heat transfer rate based on the mass flow rates 
and the temperatures of the primary and auxiliary fluids at the inlet of each macro 
[12]. 
The chart shown in figure 3.22, explains the methodology used to 
calculate the non-uniform flue gas temperature from a series of the uniform 
temperature results using the NTU macro model. 
 
Figure 3.21 NTU macro model for finned tube bank 
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Figure 3.22 Methodology chart to solve for heat transfer through the tube bank 
First, one-dimensional analytic calculations are performed for uniform 
velocity temperature flue gas to obtain an input data set for the Fluent NTU 
model. 
The overall heat transfer coefficient, Uo, is calculated for a series of flue 
gas mass flow rates and for a single steam mass flow rate by using equation (25) 
[11]. The inside heat transfer coefficient is calculated using the Gnielinski 
correlation [14], equation (27); the thermal conductivity of tube material is 
calculated from equation (26) [15]; and the outside heat transfer coefficient is 
calculated using the Weierman correlation, equation (15). 
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where, 
  Uo = overall heat transfer coefficient       
hf = outside heat transfer coefficient  
Rfo = outside fouling factor       ηf  = fin efficiency 
tw  =  tube wall thickness       Ao = Afin + Abase 
kw =  tube wall thermal conductivity      Ai = inside tube surface area 
hi  = inside heat transfer coefficient       Rfi = inside fouling resistance 
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Also, 
k = avg. thermal conductivity of the steam   di = tube inside diameter 
Pr = avg. Prandlt number for steam             
           Gn = steam mass flow rate per tube cross-sectional area
          
   μ  = avg. dynamic viscosity of steam            f   = friction factor   
 The total heat transfer rate for the HX is calculated using equations (31), 
(32), and (33) as follows: 
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Number of transfer units for HX (   )  
     
    
         (31) 
Effectiveness of HX,        [ 
 
  
 (     (       ))]    (32) 
Total heat transfer rate,  ̇  ε       (           )                 (33) 
where, 
Cmin = minimum heat capacity among primary and auxiliary fluids 
Cmax = maximum heat capacity among primary and auxiliary fluids 
Cr = heat capacity ratio i.e. the ratio of Cmin and Cmax 
      = primary fluid temperature upstream HX 
       = auxiliary fluid inlet temperature for HX 
Subsequently, the calculated heat transfer rates for a series of flue gas 
mass flow rates at uniform velocity and temperature of the gas are provided as 
inputs to the Fluent NTU model.  
The mass flow rate of steam along with thermal properties are also 
provided as inputs to the Fluent NTU model. The steps involved in the working of 
the NTU macro model are described in the flow chart shown in figure 3.23 [12]. 
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Figure 3.23 Steps involved in the NTU macro model 
 The effectiveness of the entire HX is computed for the aforementioned 
series of flue gas mass flow rates using equation (33). The calculated 
effectiveness values are used to generate a table of the NTU (total) using equation 
(34). 
 ε       [ 
 
  
         (         
    
)]                  (34) 
 The NTU (scaled) is calculated for each macro of the HX using the NTU 
(total) and scaled flue gas mass flow rate corresponding to the particular macro. 
The NTU (macro) for each macro is calculated from the NTU (scaled).  
 The equations for calculating NTU (macro) from NTU (scaled) are 
proprietary to ANSYS-Fluent [12]. The effectiveness and heat transfer rate for 
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each macro are determined from NTU (macro) using equations (32) and (33), 
respectively [12]. 
 Once the heat transfer rate for the macro is obtained, the flue gas and 
steam temperatures at the macro exits are determined from equation (35). 
    
 ̇
 ̇   
                       (35) 
 The flue gas and steam outlet temperatures of a macro are the inlet 
temperatures for the next macro; heat transfer rate for next macro is calculated in 
a similar manner. The total heat transfer rate for the HX is the sum of the heat 
transfer rates of the macros comprising the HX.  
 The exit steam temperature calculated from the NTU model is compared 
with the measured HPSH1 main steam exit temperature. If the two temperature 
values are not within ±1 K then the values of heat transfer rates for the 
aforementioned series of mass flow rates are changed manually to match them. 
The values are increased if the calculated steam temperature is lower than the 
measured one and vice versa. The manual changes in the heat transfer rates are 
made because of the uncertainties in the exact geometrical details of the harp 
tubes as well as the correlations used to calculate the heat transfer rates. 
3.4.3 Steam and flue gas flow modeling for the outlet section 
The outlet section model consists of the outlet manifold, the links, the 
headers, and unfinned part of the harp tubes as shown in figure 3.24. Baffles for 
this section are located just above the headers.  
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There are fluid domains for steam and flue gas, and solid domain for P91 
wall material. Main steam enters the unfinned harp tubes and exits from the outlet 
manifold; the flue gas enters through an y-z plane upstream of the tubes, and exits 
from an y-z plane downstream of the tubes, figure 3.24. Arrangement of the 
section is shown in figure 3.25. 
 
Figure 3.24 Outlet section of HPSH1 
The meshed region and number of mesh cells for the outlet section are 
provided in figure 3.26 and table 3.4, respectively. The cross-section of the 
meshed walls of inlet manifold, links, and headers are shown in figure 3.27. 
Solution approaches for the outlet section are explained in section 3.5. 
Velocity, pressure, and temperature distributions in main steam and flue gas are 
solved for the section. Convective heat transfer on steam and flue gas sides, and 
conductive heat transfer through component walls are also solved for the section. 
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Figure 3.25 Arrangement of the outlet section 
 
Figure 3.26 Meshed region of the outlet section 
Domain Number of cells 
Steam 383,409 
Flue gas 707,091 
P-91 567,153 
Total 1,657,673 
Table 3.4  Number of mesh cells for the outlet section 
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Figure 3.27Cross-section of the wall mesh for the outlet section 
3.5 Solution approaches for the HPSH1 models 
Two different approaches were taken to solve the HPSH1 models for full-
load steady state and cold start up transient analyses. 
3.6.1 Steady states 
Steam temperature at the HPSH1 inlet, and pressure (Po) and mass flow 
rate at the HPSH1 exit are measured at the plant for steady state operating 
conditions. Steam mass flow rates at the HPSH1 inlet and the exit are equal at 
steady state. 
The inlet section is solved first with steam mass flow rate and temperature 
as the inlet boundary condition, and Po as the outlet pressure boundary condition 
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for the steam domain of the section. Note that the actual outlet pressure for the 
inlet section is expected to be somewhat higher than Po. 
For the flue gas domain of the section, uniform velocity at the inlet plane 
and uniform pressure at the outlet plane, obtained from the full HRSG model 
solution, are used, respectively, as the inlet and the outlet boundary conditions. 
Flue gas temperature at the HRSG inlet is used for the inlet boundary condition. 
 Results are obtained for velocity, pressure, and temperature distributions 
of steam and flue gas for the section.  
For the harp tube section, steam mass flow rate through each tube and 
temperature at the inlet of each tube, as obtained from inlet section solution, are 
used as inlet boundary conditions. Po is again used as the outlet pressure boundary 
condition. The outside heat transfer coefficient for the tube bank and flue gas 
temperature for each harp tube row, explained in section 3.5.2, are used as 
boundary conditions for the tube wall outer surface.  
Results are obtained for velocity, pressure, and temperature distributions 
of steam. The average pressure drop in steam through the harp tube section,  P2, 
is calculated from the results. 
The outlet section is solved with the steam temperature and mass flow rate 
at the exit of the tubes, as obtained from the harp tube section solution, as the inlet 
boundary conditions, and Po as the outlet pressure boundary condition for the 
steam domain. For the flue gas domain, uniform velocity at the inlet plane and 
uniform pressure at the outlet plane, obtained from the full HRSG model solution, 
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are used, respectively, as the inlet and outlet boundary conditions. Flue gas 
temperature at the HRSG inlet is used as inlet temperature for the flue gas 
domain.  
Results are obtained for velocity, pressure, and temperature distributions 
of steam and flue gas for the section. Pressure drop in steam through the outlet 
section,  P3, is calculated from the results.     
Finally, the inlet and harp tube sections are solved again with the steam 
pressure at the exit of the sections set equal to (Po+  P2+ P3) and (Po+  P3), 
respectively, as the outlet boundary conditions. 
3.6.2 Transients 
The time-varying steam temperature at the HPSH1 inlet, Tin(t), as well as 
pressure, Po(t), and mass flow rate, mo(t), at the HPSH1 exit are measured at the 
plant during the cold start-up transient.  
During any transient, steam mass flow rates at the inlet and exit of HPSH1 
are not equal. To begin the solution, it is assumed that the difference between 
mass flow rates of steam at the inlet and the exit,  m(t), at any time is negligible 
compared to mo(t). It is also assumed that the pressure drop in steam through the 
HPSH1 at any time is negligible compared to Po(t). These two assumptions must 
be justified later from the obtained results. The detailed method for solving the 
transient condition is provided in the flowchart shown in figure 3.28. 
First, the flue gas velocity and pressure distributions in the HPSH1 region 
are obtained from the full HRSG model solution, detailed in section 3.3. The 
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results, thus obtained, provide flue gas velocity profile, U(y,t), upstream of the 
HPSH1 and pressure profile, P(y,t), downstream of the HPSH1 as functions of 
height, y = 0 ft. – 66 ft., and time. 
Next, the inlet section is solved with mo(t) and Tin(t) as the inlet boundary 
conditions and  Po(t) as the outlet pressure boundary condition for the steam 
domain. For the flue gas domain of this section, the uniform velocity at the inlet 
plane, equal to U(y=65.5ft.,t), and the uniform pressure at the outlet plane, equal 
to P(y=65.5ft.,t) are used, respectively, as the inlet and the outlet boundary 
conditions. Flue gas temperature at the HRSG inlet is used as the temperature at 
the flue gas domain inlet.  
Results are obtained for velocity, pressure, and temperature distributions 
of steam and flue gas. 
Steam mass flow rate and temperature at the inlet of each harp tube are 
obtained as a function of time from the inlet section results. The results also 
provide the pressure drop in steam through the inlet section,  P1(t), and used to 
verify that  m(t) for the section is negligible compared to mo(t). 
Due to the large computational cost for the harp tube section, the 42 harp 
tubes of each row are subdivided into four types based on the steam mass flow 
rate at their inlet. Only four tubes per row, one corresponding to each type, are 
solved instead of solving the 42 tubes; it is assumed that all tubes belonging to 
each type have the same velocity, pressure, and temperature distributions.  
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The harp tubes are solved with steam mass flow rates and temperatures 
specified as function of time at the inlet of the tubes as inlet boundary conditions, 
and Po(t) as the outlet pressure boundary condition. The height dependent outside 
heat transfer coefficient, h(y,t) for the tube bank, and the uniform flue gas 
temperature along the tube length for each harp tube row are used as boundary 
conditions for the outer surface of the tube wall.  
Results are obtained for velocity, pressure, and temperature distributions 
of steam for the section. The results also provide the pressure drop in steam 
through the section,  P2(t), and are used to verify that  m(t) for each tube is 
negligible compared to the mass flow rate through the tube. 
The outlet section is solved with the steam mass flow rates and 
temperatures prescribed at the exit of the harp tubes, obtained from the harp tubes 
section solution, as the inlet boundary conditions, and Po(t) as the outlet pressure 
boundary condition for the steam domain.  
For the flue gas domain of this section, uniform velocity at the inlet plane, 
equal to U(y=0.5ft,t), and uniform pressure at the outlet plane, equal to 
P(y=0.5ft,t), are used, respectively, as inlet and outlet boundary conditions. Flue 
gas temperature at the HRSG inlet is used as the temperature at the flue gas 
domain inlet.  
Results are obtained for velocity, pressure, and temperature distributions 
of steam and flue gas. The results also provide the pressure drop in steam through 
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the section,  P3(t), and are used to verify that  m(t) for the section is negligible 
compared to mo(t).  
After solving all three sections, it is checked whether that the total  
pressure drop in steam,  P(t) =  P1(t)+ P2(t)+ P3(t), across the  HPSH1 is 
negligible compared to Po(t).  
In the event that  P(t) is found to be significant compared to Po(t), the 
inlet and harp tube sections are solved again with Po(t)+ P2(t)+ P3(t) and 
Po(t)+ P3(t), respectively, as the pressure outlet boundary conditions for the 
steam domain to obtain the final solution. 
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Figure 3.28 Soution method for HPSH1 transient model 
Total steam mass flow rate, mo (t) and pressure, Po (t) are known at 
outlet of HPSH1; inlet temperature Tin (t) is known at inlet of HPSH1 
 
Divide entire HPSH1 assembly in 3 sections as shown in figure; 
inlet section, harp tubes section and, outlet section 
 
Solve for steam and flue gas velocity, pressure, and temperature for inlet 
section with following inputs: 
 mo(t) as total steam inlet mass flow rate 
 Po(t) as steam outlet pressure   
 Steam inlet temperature, Tin(t)  
 Uniform inlet flue gas velocity  U(65.5’,t) upstream of HPSH1*  
 Uniform outlet flue gas pressure P(65.5’,t) downstream of HPSH1* 
 Inlet flue gas temperature, T1(t) 
 
Obtain results of flue gas velocity and temperature; steam mass flow rate and 
temperature at inlet of each harp tube (3x42). Also calculate pressure drop 
across inlet section,  P1(t), and verify that  m(t) for inlet section <<< mo (t) 
 
Subdivide 42 harp tubes of each row into 4 types based upon steam mass 
flow rate through tubes obtained from solving inlet section 
 
Solve for steam velocity, pressure and temperature for 4 types each row for 
all 3 rows with following inputs: 
 Steam mass flow rate obtained from inlet section 
 Inlet steam temperature obtained from inlet section  
 Steam outlet pressure as Po(t) 
 Uniform average outside flue gas temperature, Ti(t), for each row (i=1-3)* 
 Outside heat transfer coefficient h(y,t) for tubes along their length  
 
Calculate outside heat transfer coefficient h(y,t) for all 3 rows along its 
length from flue gas velocity upstream of HPSH1, U(y,t), using correlation 
 
Obtain results for steam mass flow rate and temperature at outlet of the 4 
types each row; also calculate pressure drop across tube section,  P2(t), and 
verify  m(t) for each tube <<<mass flow rate through each tube 
 
Solve for flue gas 
velocity inside HRSG 
casing with following 
inputs: 
 m(t) as inlet flue gas 
mass flow rate 
 HRSG outlet pressure 
is back-calculated 
from stack 
 Use radiator feature to 
define pressure drops 
across perforated 
plate, tube banks, and 
SCR catalyst 
 
Calculate pressure drops 
across tube banks, 
module 1 through 
module 5, using 
Wierman correlation 
 
Get flue gas velocity 
profile U(y,t)  upstream 
of HPSH1 and pressure 
profile, P(y,t) 
downstream of HPSH1 
 
Flue gas inlet mass 
flow rate, m(t), 
temperature T1(t) are 
known at HRSG inlet  
 
To next page 
Notes: 
  m(t) = steam inlet mass flow rate at time t – steam outlet mass flow rate at time t, 
 P(t)=pressure drop for steam at time t 
Fluent 
Fluent 
Fluent 
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Figure 3.28  (contd.) 
Solve for steam and flue gas velocity, pressure and temperature for outlet 
section with following inputs: 
   Steam mass flow rate for each tube obtained from harp tubes section 
   Steam temperature for each tube obtained from harp tubes section  
   Po(t) as steam outlet pressure 
   Uniform inlet flue gas velocity  U(0.5’,t) upstream of HPSH1  
   Uniform outlet flue gas pressure P(0.5’,t) downstream of HPSH1  
   Inlet flue gas temperature , T1(t)  
 
Impose result of steam mass flow rate and outlet temperature of 4 types each 
row on 42 tubes each row for all 3 rows; at inlet of outlet section 
 
Obtain results of steam and flue gas velocity and temperature; steam 
pressure drop across outlet section,  P3(t);  also verify that  m(t) for 
outlet section <<< mo(t) 
 
From previous page 
Is total ΔP(t) = 
ΔP1(t)+ΔP2(t)+ 
ΔP3(t) 
significant 
compared to 
Po(t)? 
 
Solve for inlet section again with 
updated steam pressure at outlet of inlet 
section as Po(t)+  P2(t)+  P3(t) 
 
Solve for 4tubes/row again with 
updated steam pressure at tube outlet as 
Po(t)+  P3(t) 
 
STOP 
Yes 
Back to inlet section 
To harp 
tubes 
section 
Notes: 
 Solution flow chart is for one  iteration only  
 
Inlet Section 
Harp Tubes Section 
Outlet Section 
Fluent 
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3.6 Physical and thermodynamic properties of materials 
It is important that accurate physical and thermodynamic properties of 
materials are used in CFD simulation. 
3.6.1 Flue gas 
 The composition of flue gas is given in table 3.5. 
Gas Percentage by volume 
N2 72.46 
O2 12.17 
H20 10.79 
CO2 3.72 
Ar 0.87 
Table 3.5 Composition of flue gas 
Based on this composition, physical and thermal properties of flue gas are 
calculated. It was observed from the calculations that these properties are 
insensitive to the flue gas pressure range of 0 - 3250 Pa (g), measured at the plant. 
Hence, the flue gas properties are considered only as a function of temperature. 
The variation of flue gas density, specific heat, thermal conductivity, and 
molecular viscosity with temperature are shown in figures 3.29, 3.30, 3.31, and 
3.32, respectively. 
Polynomial fits to these property variations with temperature were used in 
the CFD simulations. 
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Figure 3.29 Density of the flue gas 
 
Figure 3.30 Specific heat of the flue gas 
 
Figure 3.31 Thermal conductivity of the flue gas 
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Figure 3.32 Molecular viscosity of the flue gas 
3.6.2 Steam 
The physical and thermal properties of steam are functions of pressure and 
temperature. User defined functions (UDF) were compiled for specific heat, 
enthalpy, density, conductivity and molecular viscosity of steam. Steam properties 
were obtained from Engineering Equation Solver (EES) software. 
3.6.3 P91 Steel 
 P91/T91 is an alloy steel with the composition of 9 percent Cr and 1 
percent Mo. Properties of this material were obtained from [13].  
Figures 3.33, 3.34, and 3.35 show, respectively, the variations of density, 
specific heat, and thermal conductivity for the material with temperature. 
Polynomial fits to these property variations with temperature were used in 
model calculations. 
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Figure 3.33 Density of P91 steel 
 
Figure 3.34 Specific heat of P91 steel 
 
Figure 3.35 Thermal conductivity of P91 steel 
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THE CFD TOOL 
CFD is the use of computational power to numerically solve for velocity, 
pressure, and temperature distributions in fluid flow from the governing 
equations.  
In this work, the commercial CFD tool ANSYS-Fluent is used. This 
chapter provides an introduction to ANSYS-Fluent, along with the governing 
equations, the k-ε turbulence model, the pressure-based flow solver, the standard 
wall function, and the boundary conditions for the computational domain.  
4.1 Fluent-introduction 
The CFD tool ANSYS-Fluent solves problems involving fluid flow in 
industrial and research systems. It can model three-dimensional/two-dimensional 
problems for incompressible/compressible, inviscid/viscous, laminar/turbulent, 
and single-phase/multi-phase flows. ANSYS-Fluent also has capability of 
modeling heat transfer, chemical reactions, and combustion reactions. 
The governing partial differential equations of mass, momentum, and 
energy conservation are converted to algebraic equations using the finite-volume 
method. The algebraic equations are then solved numerically. The governing 
equations are as follows. 
Mass conservation  
 
  
 t
+
   ⃗ 
 x
=Sm                             (36) 
CHAPTER 4  
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In this equation, Sm is the source term for mass,   is density, and    the 
velocity vector. 
Momentum conservation 
 
 (  ⃗ )
 t⏟
local acceleration
+ .(     )⏟ 
advection
= - p⏟
pressure gradient
+  2( ̿)⏟ 
diffusion
+  g⃗ +F⃗ ⏟
body forces
          (37) 
In the above equation, p is static pressure,  ̿ is stress tensor,  and     and    
are gravitational and external body forces, respectively. For newtonian fluids, the 
stress tensor is defined as: 
 ̿   [(        )  
 
 
     ]                        (38) 
where, µ is the fluid molecular viscosity, and I the unit tensor. 
Energy conservation 
For a fluid region, the energy equation is: 
 
 (  )
  
   (  (    ))    (       ∑        ( ̿      )        (39) 
For a solid region, the thermal energy equation is: 
 
 (    )
  
   ( ⃗     )    (    )           (40) 
 where 
      
 
 
 
  
 
                                 (41) 
keff = (k + kt)          (42) 
Here, h is sensible enthalpy, k is thermal conductivity, kt is the turbulent 
thermal conductivity of the fluid, and      the diffusion flux of species j,    is 
sensible enthalpy,    is density, and    the thermal conductivity of the solid. 
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The first three terms on the right-hand side of equation (39) represent, 
respectively, the energy transfer due to conduction, species diffusion, and viscous 
dissipation. Sh is the heat source term. 
The second term on the left-hand side of equation (40) is accounts for 
convective energy transfer due to rotational or translational motion of solid body. 
The first term on the right-hand side is accounts for heat conduction within the 
solid. 
4.2 Reynolds-averaged Navier-Stokes (RANS) equations 
Fluid flow can be laminar or turbulent depending on the Reynolds number. 
Turbulent flow is characterized by a chaotic or fluctuating velocity field. The flow 
is fundamentally unsteady and causes augmented mixing of transported quantities 
such as momentum and energy. As such, the local instantaneous governing 
equations are time/ensemble-averaged to obtain a simplified set of equations that 
are computationally less challenging. 
In the Reynolds-averaging method, the unsteadiness is considered to be a 
part of the turbulence. The variables are decomposed into to mean 
(time/ensemble-average) and fluctuating parts: 
For example, for the fluid:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
    ̅                          (43) 
                                        (44) 
              ̅                          (45) 
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where, u,  , and w are instantaneous velocity components in x, y, and z 
directions, respectively. Likewise, for pressure and other scalar variables: 
     ̅    
                       (46) 
where, Φi denotes a scalar such as pressure or energy in ith direction (i = x, y, z)  
Substituting the decomposed variables into the conservation equations, 
and taking a time/ensemble-average, the Reynolds-average Navier-Stokes 
equations (49) – (51) are obtained. Because of the non-linearity in momentum and 
thermal energy equations, turbulent or Reynolds stress terms appear from the 
fluctuating part of the turbulence.  
The Reynolds stresses must be modeled for the closure of the equations. 
This can be done using the Boussinesq hypothesis, which relates these terms to 
the mean velocity components, equations (52) through (57). 
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              (57) 
The right-hand side of the above equations are analogous to Newton’s law 
of viscosity, except for the appearance of turbulent or eddy viscosity,   , and 
turbulent kinetic energy, k. 
The turbulent transport energy can also be related to mean temperature as 
follows: 
       ̅̅ ̅̅ ̅    
 ( )
  
       (58) 
         ̅̅ ̅̅ ̅    
 ( )
  
         (59) 
       ̅̅ ̅̅ ̅̅    
 ( )
  
             (60) 
where,    is turbulent thermal diffusivity. 
The turbulent Prandtl number,    , is defined as the ratio of turbulent 
viscosity and turbulent diffusivity. 
     
  
  
                                           (61) 
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 The values of turbulent diffusivity and turbulent viscosity are not too 
different, since the turbulent transports of momentum and thermal energy are due 
to the same mechanism: eddy mixing.  As such, the value of turbulent Prandtl 
number is taken as close to unity. 
4.3 Turbulence model         
There is no single universally accepted turbulence model for all turbulent 
fluid flow. A model can be chosen depending on the flow region, the physics 
included of the flow, the level of accuracy needed, desired results from the 
problem, computational resources, and computational time.  
For this work, the standard k-ε turbulence model is used. 
4.3.1 The standard k-ε model 
In the standard k-ε model, the turbulent viscosity is calculated as a 
algebraic function of turbulent kinetic energy, k, and turbulent dissipation rate, ε. 
Two additional governing transport equations, one for turbulent kinetic energy 
and one for turbulence dissipation rate, are prescribed. This model is valid for 
only fully turbulent flow with negligible molecular viscosity effects. 
The transport equation for k is derived from the exact equation, while the 
transport equation for ε is obtained using physical reasoning and bears little 
resemblance to its mathematically exact counterpart. This model assumes that µT 
is an isotropic scalar quantity, meaning that the ratio between Reynolds stress and 
mean rate of deformation are the same in all directions.  
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The velocity scale,  , and length scale,  , are determined from turbulent 
kinetic energy and turbulent dissipation rate. The eddy viscosity is then defined in 
terms of these two scales as follows: 
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              (62) 
 The transport equations for k and ε are: 
Turbulent kinetic energy:  
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Viscous dissipation rate: 
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Here, the destruction term, D, and the production term, P, are: 
D =              (65) 
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]                    (66) 
The five empirical constraints have been estimated from experimental 
results for a wide range of turbulent flows: 
                                                                (67) 
The final form of the governing conservation equations in Cartesian 
coordinates, after removing the average sign, are shown in equations (68) to (72). 
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Continuity equation 
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Momentum equations 
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Thermal energy equation 
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where,    
  
 
  ;   and         .                (73)      
   
 ,   
 , and   
  are momentum source terms for fluid in x, y, and z 
direction.    is heat source term.
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4.3.2 Near-wall model 
The presence of wall plays an important role in wall-bounded turbulent 
flows. It is very important to accurately solve for flow in the near-wall region to 
get an accurate flow solution in a fluid region. 
With no-slip boundary condition at the wall, the all components of 
velocity are zero. Flow is essentially laminar very near a wall, as viscous damping 
reduces the velocity fluctuations.  
The near wall region can be divided into three layers, figure 4.1 [12].  
 
Figure 4.1 Near-wall region for turbulent flow 
In this figure, u
+
 and y
+
 are dimensionless velocity and distance from the 
wall, respectively: 
   
 
  
            (74) 
   
      
 
      (75) 
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where,    √
  
 
  is frictional velocity, and  w is wall shear stress. 
Very near the wall is viscous layer (0<y
+
<5). In this layer, flow is 
essentially laminar, and molecular viscosity plays an important role. Next is the 
buffer layer (5<y
+
<30). In this layer, viscous and turbulent mechanisms are 
equally important. This layer represents a transition from the viscous layer to the 
third region, the outer fully turbulent region, which is also called the “log-layer 
region”. In this region (y+>30), turbulence plays a major role; the y+ upper limit 
depends on the flow Reynolds number. 
For viscous layer:                  (76) 
For log layer region:    
 
 
    (  )       (77) 
  is      ́   ́  constant (≈0.42), and C is a constant = 0.50. 
The near-wall region can be modeled by two approaches. The first 
approach is to solve for the molecular viscosity-affected region with meshes 
inside the viscous and buffer layer regions, termed “near-wall modeling”. This 
approach is expensive and requires a very refined mesh close to the wall. The 
second approach is not to resolve the viscosity-affected region. This method calls 
for the use of a semi-empirical formula, “wall function”, to bridge the viscosity-
affected region and the fully turbulent region. The use of wall function obviates 
the need to modify turbulence models to account for the presence of the wall [12].   
In this work, standard wall function is used for near-wall modeling. 
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The standard wall function 
It is necessary to use semi-empirical formulae to link solution variables 
close to a wall cell (the first near wall node) to the wall surface. The law of the 
wall for mean velocity is of the form: 
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where, u* and y* are non-dimensionalized velocity and distance from the wall, 
respectively: 
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E is a function of wall roughness, and equal to 9.73 for smooth walls; up is 
the mean velocity of fluid at node P,    is turbulent kinetic energy at node P, and 
yp is distance of P from the wall. 
The law of the wall is applied to determine wall temperature (Tw).  
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                                          (80) 
where,   ̇ is wall heat flux, Tp is temperature at node P; and Tw is wall 
temperature. 
It has to be noted that in ANSYS-Fluent, laws-of-the-wall are based upon 
y
*
 and u
*
 rather that y
+
 and u
+ 
[12]. 
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4.4 Flow solver 
ANSYS-Fluent has two numerical method approaches for solving the 
governing equations. The first is the pressure-based solver, and the second the 
density based solver. Originally, the pressure-based solver was meant for low 
speed incompressible flow and the density-based solver was meant for high speed 
compressible flow. In recent years, both methods have been extended to a wider 
range of flow conditions. 
ANSYS-Fluent uses the control volume-based technique with a co-located 
scheme in both the approaches. The main steps for both solvers include [12]: 
 dividing the computational domain into discrete control volumes using a 
mesh generation tool. 
 integrating the governing equations over individual control volumes to 
construct algebraic equations for the discrete dependent variables 
(“unknowns”) such as velocity, pressure, temperature, and conserved 
scalars. 
 linearizing the discretized algebraic equations and solving them to obtain 
updated values of the dependent variables. 
The discretization process is similar for the two solvers, however the approach 
for linearizing and solving the discretized equations differs [12]. 
In both methods, the velocity field is obtained from the momentum 
equations. In the density-based solver, the pressure field is obtained from the 
equation of state. However, due to the assumption of incompressible flow in the 
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pressure-based solver, the equation of state does not solve for the pressure field. 
Instead the pressure field is solved from a pressure correction equation which is 
obtained by manipulating the continuity and momentum equations. 
In the present work, the pressure-based solver is used. 
4.4.1 Pressure-based solver 
In the pressure-based solver, there are four equations (47) – (50) and four 
unknowns (u, v, w, P). The solver employs a projection method algorithm. In the 
projection method, the constraint of mass conservation is achieved by solving the 
pressure correction equation which is derived from continuity and momentum 
equations in such a way that the velocity field, corrected by the pressure, satisfies 
the continuity equation. The solution process involves iterations, as the governing 
equations are non-linear and coupled. 
ANSYS-Fluent has two pressure-based solver algorithms: segregated and 
coupled. In the segregated algorithm, the governing equations are solved 
sequentially. The coupled algorithm solves a coupled system of equations 
comprised of the pressure correction and momentum equations.  
The remaining governing equations of temperature, species, turbulence, 
and other scalars are solved in a de-coupled fashion in both algorithms. The 
segregated algorithm is memory-efficient since the discretized equations need to 
be stored in the memory only once at a time during calculations [12]. 
In the present work, the segregated algorithm is used for the pressure 
based solver. 
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ANSYS-Fluent has four velocity-pressure coupling schemes for 
segregated pressure-based solver algorithm: SIMPLE, SIMPLEC, PISO, and 
Fractional Step (FSM).  
In the present work, the SIMPLE (Semi-Implicit Method for Pressure-
Linkage equations) algorithm is used for velocity-pressure coupling. The steps 
involved in the SIMPLE algorithm are as follows. 
1) momentum equations are solved using guessed pressure field p* and 
velocity components u*, v*, and w*. The solution of discretized 
momentum equations yields updated velocity components u*, v*, and w*.  
2) the correction is defined as the difference between the correct value and 
the guessed value for pressure and velocity; 
                                                                       (81) 
3) solve for pressure correction, p , using the pressure correction equation 
and then calculate the correct pressure value from         . 
4) next, solve for correct velocity components using correct pressure value p.   
5) the discretized transport equations such as thermal energy are solved using 
the correct pressure (ɸ) and velocity components, and are checked for 
convergence.  
6) the correct pressure and velocity components are treated as guessed values 
for the next iteration. 
The above process continues until convergence is achieved. The SIMPLE 
scheme is illustrated in a flow chart, figure 4.2. 
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Figure 4.2 The SIMPLE algorithm 
4.5 Boundary conditions for the computational domain 
 ANSYS-Fluent prescribes boundary conditions that specify the flow and 
thermal variables on the boundaries of the computational domain [12]. The 
following boundary conditions are used in this work. 
 inlet mass flow rate  
 pressure outlet  
 radiator   
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 wall  
4.5.1 Inlet mass flow rate 
An inlet mass flow rate boundary condition is used to prescribe mass flow 
rate at the inlet plane of the fluid computational domain. Information pertaining to 
temperature, flow direction, and turbulence parameters of the fluid at the inlet 
plane are also provided in this boundary condition. 
Since the standard k-ε model is used for turbulence modeling, turbulent 
kinetic energy and turbulent dissipation rate at the inlet plane are specified in 
terms of turbulence intensity and hydraulic diameter. The turbulent intensity is 
defined as the ratio of the root-mean-square of velocity fluctuations and average 
flow velocity. Turbulent intensity at the core of a fully developed flow is 
estimated using formula derived from an empirical correlation as: 
   
  
 ̅
     (    )
 
 ⁄                       (82) 
Hydraulic diameter is a physical quantity and equal to the characteristic 
length of the plane. For circular inlets, the diameter of the inlet plane is hydraulic 
diameter.  
4.5.2 Outlet pressure 
The outlet pressure boundary condition prescribes the pressure of fluid at 
the outlet plane of the domain. A pressure distribution in the plane can be defined 
using UDF. 
 74 
 
4.5.3 Radiator 
A radiator is an infinitely thin plane that causes a pressure drop in the fluid 
flowing through it. The pressure drop is proportional to the dynamic head of the 
fluid upstream: 
        (
 
 
   )          (83) 
where,    is the loss coefficient for radiator,   is density of the fluid,   is 
the streamwise velocity of fluid upstream of the radiator, and    is the pressure 
drop across the radiator. 
The loss coefficient is an input for ANSYS-Fluent and defines the 
pressure drop through the radiator. 
4.5.4 Wall 
A wall boundary condition is used to bind the fluid and solid domains. The 
wall boundary condition requires a wall motion condition, a shear condition, and a 
thermal boundary condition. The wall motion can be either stationary or moving. 
The shear stress condition for a wall can be specified as four kinds: no-slip, 
specified shear, and Marangoni stress. The no-slip condition indicates that the 
fluid adjacent to the wall sticks to the wall. 
There are five thermal boundary conditions available for the wall: fixed 
heat flux, fixed temperature, convective heat transfer, external radiation heat 
transfer, and combined external radiation and convection heat transfer. The 
adiabatic wall can be defined by setting the heat flux equal to zero. 
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For a two-sided wall with, fluid or solid zones on both sides of the wall, a 
shadow zone is created in ANSYS-Fluent to treat each side of the wall as a 
different wall zone. These wall zones can be defined as coupled or uncoupled 
with each other. For coupled wall zones, the thermal boundary condition is not 
required, as ANSYS-Fluent calculates the heat transfer directly from the solution 
in the adjacent cells. For uncoupled wall zones, both zones are treated 
independently and different thermal boundary conditions can be given to them. 
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THERMAL-FLUID AND STRUCTURAL RESULTS FOR STEADY 
STATE 
This chapter contains the thermal-fluid and structural analyses results of 
the HPSH1 at full-load steady state operating condition. Flue gas velocity and 
pressure distributions in the HRSG are calculated prior to performing thermal-
fluid analysis of the HPSH1. 
5.1 Flue gas velocity and pressure distributions inside the HRSG 
Flue gas pressure distribution at the HRSG outlet plane is calculated from 
the stack model. This calculated pressure distribution, figure 5.1, is used as the 
outlet boundary condition for the flue gas flow. 
 
Figure 5.1 Flue gas pressure distribution at the HRSG outlet plane 
The computed distribution of flue gas U-velocity (x-direction) component 
in the y-z plane 2.3 inches upstream of the HPSH1 is shown in figure 5.2. 
CHAPTER 5  
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Figure 5.2 Computed flue gas U-velocity distribution just upstream of HPSH1 
The y-profiles of U-velocity component at the HRSG middle, z=0 ft., and 
quarter, z=6 ft., in the upstream plane are shown in figure 5.3. It is observed that 
the velocity is non-uniform in the y-direction but uniform in the z-direction. 
 
Figure 5.3 Flue gas U-velocity profiles just upstream of HPSH1 
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The horizontal dashed lines in figure 5.3, at y=0.93 ft. and y=65.20 ft., 
correspond to the locations of the partition planes for HPSH1 section model. The 
velocity values at y=65.5 ft. and y=0.5 ft. are used, respectively, as inlet boundary 
conditions for the inlet section and the outlet section. The velocity profile from 
y=0.93 ft. to 65.2 ft. is employed to calculate the outside (flue gas side) heat 
transfer coefficient for the harp tube section. 
The flue gas pressure distribution in the y-z plane 2.3 inches downstream 
of the HPSH1 is shown in figure 5.4. The pressure y-profiles at the HRSG middle, 
z=0 ft., and quarter, z=6 ft., in the downstream plane are shown in figure 5.5. The 
pressure values at y=65.5 ft. and y=0.5 ft. are used, respectively, as outlet 
boundary conditions for the inlet section and the outlet section. 
 
Figure 5.4 Flue gas pressure distribution just downstream of HPSH1 
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Figure 5.5 Flue gas pressure profiles just downstream of HPSH1 
5.2 Thermal-fluid results of steam and flue gas for HPSH1 
 Thermal-fluid results of steam and flue gas for HPSH1 are obtained by 
solving the inlet section, harp tube section, and outlet section models. Results for 
each section are presented next. 
5.2.1 Inlet section 
The inlet section model contains fluid domains for steam and flue gas, and 
a solid domain for P-91 steel pipes. The steam velocity magnitude and pressure 
distributions in the section are shown in figures 5.6 and 5.7, respectively. The 
mass-weighted-average steam pressure for the section is calculated to be 7604917 
Pa (g). 
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Flue gas velocity and temperature distributions for the inlet section are 
shown in figures 5.8 and figure 5.9, respectively. It is observed from these results 
that flue gas has lower velocity and temperature in the region above the baffles as 
compared to under the baffles. 
 
Figure 5.6 Steam velocity magnitude distribution in the inlet section 
 
Figure 5.7 Steam pressure distribution in the inlet section 
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Figure 5.8 Flue gas velocity vectors for the inlet section                 
 
Figure 5.9 Flue gas temperature distribution for the inlet section 
The inlet section results also contain steam mass flow rates through the 
unfinned length of harp tubes, figures 5.10 - 5.12. In these figures, the 1
st
 tube is 
adjacent to the HRSG transverse (z) wall and the 42
nd
 tube is in the middle of 
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HRSG (z=0 ft.), for each harp tube row. These mass flow rates are employed as 
inlet boundary conditions for the harp tube section model. 
 
Figure 5.10 Steam mass flow rates through first row harp tubes 
 
Figure 5.11 Steam mass flow rates through second row harp tubes 
 
Figure 5.12 Steam mass flow rates through third row harp tubes 
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The inside and outside wall temperature distributions for the inlet section 
components are shown in figure 5.13. The headers are observed to be hotter 
compared to other components. This is because of higher flue gas temperature and 
velocity around the headers. These temperature distributions are to be the main 
inputs for the subsequent structural analysis.  
 
Figure 5.13 Inside and outside wall temperature distributions for the inlet section 
The mass-weighted-average steam temperature at the exit of the inlet 
section is calculated to be 755.5 K. 
5.2.2 Harp tube section 
The harp tube section model has a fluid domain for steam and a solid 
domain for P-91 steel. The equivalent outside heat transfer coefficient for the harp 
tubes is calculated from the flue gas velocity distribution upstream of HPSH1, as 
obtained from the HRSG model solution. A polynomial fit to the heat transfer 
coefficient along the tube length (y-direction) is used, figure 5.14. 
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Figure 5.14 Equivalent outside heat transfer coefficient for the harp tubes 
Harp tubes are solved for two different cases: uniform flue gas 
temperature along the tube length and non-uniform flue gas temperature along the 
tube length. Results for these two cases are presented in following sections. 
5.2.2.1 Uniform flue gas temperature along tube length 
The uniform, along the tube length, flue gas temperature for each harp 
tube row is calculated from an overall heat balance between the steam and flue 
gas. The calculated flue gas temperature values are provided in table 5.1. 
Row Flue gas temperature (K) 
1 883.00 
2 876.30 
3 868.00 
Table 5.1 Uniform flue gas temperature for harp tube rows 
Using these uniform flue gas temperature values, thermal-fluid results are 
obtained by solving the harp tube section model. The mass-weighted-average 
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steam temperature profiles, and the inside and outside tube wall temperature 
profiles along the length (y) for the 42
nd
 tube of each harp tube row are shown in 
figures 5.15 - 5.17. 
 
Figure 5.15 Results for the 42
nd
 tube of row 1 with uniform flue gas temperature 
 
Figure 5.16 Results for the 42
nd
 tube of row 2 with uniform flue gas temperature 
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Figure 5.17 Results for the 42
nd
 tube of row 3 with uniform flue gas temperature 
Mass-weighted-average steam temperatures at the exit of the tubes for 
each row are shown in figures 5.18 - 5.20. These temperatures serve as inlet 
boundary conditions for the HPSH1 outlet section model.  
The mass-weighted-average steam temperature at the tubes (42x3) exit of 
the harp tube section obtained with uniform flue gas temperature along the tube 
length is calculated to be 841.0 K. 
 
Figure 5.18 Average steam temperatures at the exit of row 1 harp tubes 
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Figure 5.19 Average steam temperatures at the exit of row 2 harp tubes 
 
Figure 5.20 Average steam temperatures at the exit of row 3 harp tubes 
5.2.2.2 Non-uniform flue gas temperature along tube length 
The non-uniform flue gas temperature distribution in the HPSH1 region is 
calculated using the Fluent-NTU model. 
Four y-z planes, one each upstream of row 1, 2, 3, and one downstream of 
row 3, are shown in figure 5.21. The flue gas temperature distributions on these 
four planes are depicted in figure 5.22. 
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Figure 5.21 Four y-z planes in the HPSH1 region 
 
Figure 5.22 Flue gas temperature distributions in the HPSH1 region 
Flue gas temperature profiles along y-direction, i.e. the tube length, for the 
42
nd
 harp tube of each row are shown in figure 5.23. 
Using these non-uniform gas temperature profiles, thermal-fluid results for 
steam are obtained by solving the harp tube section model. 
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Figure 5.23 Flue gas temperature profiles for the 42
nd
 harp tube of each row 
The mass-weighted-average steam temperature profiles, and the inside and 
outside tube wall temperature profiles along the length for the 42
nd
 harp tube of 
each row are shown in figures 5.24 – 5.26. 
The mass-weighted-average steam temperature at tubes (42x3) exit of the 
harp tube section obtained with non-uniform flue gas temperature along the tube 
length is calculated to be 841.7 K. 
 
Figure 5.24 Results for the 42
nd
 tube-row 1 with non-uniform flue gas temperature 
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Figure 5.25 Results for the 42
nd
 tube-row 2 with non-uniform flue gas temperature 
 
Figure 5.26 Results of the 42
nd
 tube-row 3 with non-uniform flue gas temperature 
It is seen from the results that the mass-weighted-average steam 
temperatures at the exit of harp tubes (42x3) obtained from two cases differ by ±1 
percent. The results also confirm that the mass-weighted-average steam 
temperature at the exit of harp tubes is highest for the first tube row and lowest for 
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the third tube row. This is due to a gradual temperature drop in flue gas as it flows 
over the rows. 
The mass-weighted-average steam pressure profile along the tube length 
for the 42
nd
 tube of row 1 is shown in figure 5.27. The mass-weighted-average 
steam pressure for all tubes (42x3) of the harp tube section is calculated to be 
7580 kPa (g). 
 
Figure 5.27 Steam pressure for the 42
nd
 tube of harp tube row 1 
5.2.1 Outlet section 
The outlet section model has fluid domains for steam and flue gas, and a 
solid domain for P-91 steel. Results obtained from the harp tube section solution 
with uniform flue gas temperature approach were used as inlet boundary 
conditions for the outlet section. 
Steam velocity magnitude and pressure distributions in the outlet section 
are shown in figures 5.28 and 5.29, respectively. The mass-weighted-average 
steam pressure for the section is calculated to be 7652 kPa (g). 
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Figure 5.28 Steam velocity magnitude distribution in the outlet section 
 
Figure 5.29 Steam pressure distribution in the outlet section 
Flue gas velocity and temperature distributions for the outlet section are 
shown in figures 5.30 and 5.31, respectively. It is observed that flue gas is cooler 
in the region below the section baffles. 
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Figure 5.30 Flue gas velocity distribution for the outlet section 
 
Figure 5.31 Flue gas temperature distribution for the outlet section 
The inside and outside wall temperature distributions for the outlet section 
components are shown in figure 5.32. It is observed that the header and links of 
the first row are hotter compared to the second and third row headers and links. 
This is due to the higher steam temperature at the exit of the first tube row. These 
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temperature distributions are to be the main inputs for the subsequent structural 
analysis. 
 
Figure 5.32 Inside and outside wall temperature distributions for the outlet section 
The mass-weighted-average steam temperature at the exit of the outlet 
section is calculated to be 841.5 K; this is in good agreement with the plant-
measured value of 840 K. 
The calculated outside wall temperature values at the specific locations of 
the inlet links and outlet manifold are found in good agreement with the plant-
measured temperature values, figures 5.33 – 5.34. 
 
Figure 5.33 Outside wall temperature values of the inlet links 
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Figure 5.34 Outside wall temperature values of the outlet manifold 
5.3 Structural results for HPSH1 
Structural analysis is carried out for one symmetrical half of the HPSH1 
assembly using the NX/Nastran FEA tool. The manifolds, links, headers, and the 
unfinned portion of the harp tubes are discretized using tetrahedral elements, and 
the finned harp tubes are discretized using one-dimensional beam elements. The 
HPSH1 structure is considered to expand freely in x- and z-directions, and fixed 
in the y-direction. The plant structure hangs by two supports on the inlet 
manifold.  
First, a thermal conduction analysis is performed based on the inside and 
outside wall temperature distributions obtained from the thermal-fluid analysis. 
Next, structural analysis is carried out using the thermal conduction analysis 
results and steam pressure. The mass-weighted-average steam pressure values, 
obtained from the thermal-fluid analysis, and are different but uniform for the 
inlet section, harp tube section and outlet section of HPSH1.  
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The von-Mises (effective) stress distributions for the inlet and outlet 
section components are shown in figure 5.35 and 5.36, respectively.  
 
Figure 5.35 Structural von-Mises stress distribution for the inlet section 
 
Figure 5.36 Structural von-Mises stress distribution for the outlet section 
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 The peak effective stress for the inlet section is located at the connecting 
region between the manifold and the links, and is calculated to be 12.47 ksi 
(klbf/in2), figure 5.37. For the outlet section, peak effective stress is located at the 
connecting region between the first header and the 3rd harp tube, and is calculated 
to be 12.49 ksi, figure 5.38. 
.  
Figure 5.37 Peak effective stress location and value for the inlet section 
 
Figure 5.38 Peak effective stress location and value for the outlet section 
Factors of safety for the HPSH1 assembly are calculated to be 4.8 and 6.8 
based on the yield and tensile strength, respectively. These are well above their 
minimum values. 
σe=12.49 ksi 
σe=12.47 ksi 
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THERMAL-FLUID RESULTS FOR COLD START-UP TRANSIENT 
This chapter presents HPSH1 transient thermal-fluid analysis results for 
the cold start-up operating condition. The transient solution is calculated for a 
time interval of 9930 seconds with one second time step. Flue gas velocity and 
pressure distributions in the HRSG are calculated prior to performing steam-side 
thermal-fluid analysis. 
6.1 Flue gas velocity and pressure distributions inside the HRSG 
 Flue gas mass flow rate at the HRSG inlet is maintained at 240 kg/s for the 
initial 7800 seconds of the transient and gradually rises to the value of 395 kg/s 
(the eventual steady state) during the interval t=7800 second to t= 9540 second 
(points 1 and 2 in figure 6.1). 
 
Figure 6.1 Flue gas mass flow rate at HRSG inlet for cold start-up operating 
condition 
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Flue gas velocity and pressure distributions for the initial 7800 seconds are 
calculated as the steady state solution of the HRSG and stack models with the flue 
gas mass flow rate of 240 kg/s. This solution is used as the initial condition for the 
transient calculations from t = 7800 second to t = 9930 second. 
The calculated flue gas pressure distributions at the HRSG outlet plane 
corresponding to points 1 and 2 are shown as profiles 1 and 2, figure 6.2.  
 
Figure 6.2 Flue gas pressure distributions at the HRSG outlet plane 
Figures 6.3 and 6.4 show y-profiles of flue gas U-velocity component 2.3 
inches upstream and pressure 2.3 inches downstream of the HPSH1 , respectively, 
as obtained from steady state solution using the pressure profiles 1 and 2 at the 
HRSG outlet plane at 395 kg/s mass flow rate. The velocity distribution in the 
HPSH1 region remains essentially the same for the two outlet plane pressure 
profiles but the pressure distribution does vary. It is further observed from the 
steady state analysis of the HPSH1 section models that the variation in the flue 
gas pressure downstream of the HPSH1, which is input to the section models, 
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does not make difference to the components wall temperature distributions. As 
such, the flue gas pressure distribution at the HRSG outlet is assumed to be 
invariant for the transient calculations. A user defined function is used to describe 
the time dependence of flue gas mass flow rate at the HRSG inlet. 
 
Figure 6.3 Flue gas U-velocity profiles just upstream of HPSH1 
 
Figure 6.4 Flue gas pressure profiles just downstream of HPSH1 
The computed y-profiles of flue gas U-velocity component at 2.3 inches 
upstream of HPSH1 at the HRSG mid-plane, z=0 ft., and quarter-plane, z=6.1 ft., 
for different time instants are shown in figure 6.5. The horizontal dotted lines in 
figure 6.4, at y=65.5 ft. and y=0.93 ft., correspond to the locations of partition 
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planes for the HPSH1 section model. It is observed that the U-velocity is uniform 
in the z-direction but non-uniform in the y-direction. 
The flue gas velocity profiles upstream of the HPSH1 inlet and outlet 
sections are shown in figures 6.6 and 6.7, respectively. The velocity values at 
y=65.5 ft. and y=0.5 ft. are used, respectively, as inlet boundary conditions for the 
transient analysis of the inlet and outlet sections. The velocity profiles from 
y=0.93 ft. to y=65.2 ft. are used to calculate the flue gas side heat transfer 
coefficient for the harp tube section transient analysis. 
  
Figure 6.5 Flue gas U-velocity profiles just upstream of HPSH1 
 
Figure 6.6 Flue gas U-velocity profiles just upstream of the HPSH1 inlet section 
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Figure 6.7 Flue gas U-velocity profiles just upstream of the HPSH1 outlet section 
The flue gas pressure y-profiles at 2.3 inches downstream of HPSH1 at the 
HRSG mid-plane, z=0 ft., and quarter-plane, z=6.1 ft., for different time instants 
are shown in figure 6.8. 
 
Figure 6.8 Flue gas pressure y-profiles 2.3 inches downstream of HPSH1 
The pressure profiles 2.3 inches downstream of the inlet and outlet 
sections are shown in figures 6.9 and 6.10, respectively. The pressure values at y 
= 65.5 ft. and y = 0.5 ft. are used, respectively, as outlet boundary conditions for 
the transient analysis of the HPSH1 inlet and outlet sections.  
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Figure 6.9 Flue gas pressure profiles 2.3 inches downstream of the inlet section 
 
Figure 6.10 Flue gas pressure profiles 2.3 inches downstream of the outlet section 
6.2 Thermal-fluid results of flue gas and steam for HPSH1 
Thermal-fluid results of flue gas and steam are obtained by solving the 
HPSH1 inlet section, harp tube section, and outlet section models for the cold 
start-up condition. The results for each section are presented next. 
6.2.1 Inlet section 
As stated earlier, the initial condition for the inlet section is obtained from 
steady state solution corresponding to the operating condition at t=0 second. The 
steam temperature, and wall inside and outside temperature distributions for the 
components at t = 0 second are shown in figures 6.11 and 6.12, respectively. 
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Figure 6.11  Steam temperature distribution in the inlet section at t=0 second 
 
Figure 6.12 Inlet section components wall temperature distributions at t=0 second 
User-defined functions are constructed to define the time-dependent 
boundary conditions for the inlet section during transient analysis. 
The computed steam mass flow rates at the exit of unfinned length of rows 
1, 2, and 3 tubes of the inlet section are shown in figures 6.13 – 6.15. 
The mass-weighted-average steam temperatures at the exit of unfinned 
length of tubes of the inlet section are shown in figure 6.16. These time series 
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plots are employed as inlet boundary conditions for solving the harp tube section 
model. 
 
Figure 6.13 Steam mass flow rates at the exit of unfinned length of row 1 tubes – 
inlet section 
 
Figure 6.14 Steam mass flow rates at the exit of unfinned length of row 2 tubes – 
inlet section 
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Figure 6.15 Steam mass flow rates at the exit of unfinned length of row 3 tubes – 
inlet section 
 
Figure 6.16 Mass-weighted-average steam temperatures at the exit of unfinned 
length of tubes – inlet section 
Flue gas velocity and temperature distributions for the inlet section at 
different times are shown in figures 6.17 and 6.18, respectively. 
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Figure 6.17 Flue gas velocity distribution for the inlet section 
 
Figure 6.18 Flue gas temperature distribution for the inlet section 
The pressure drop in steam across the inlet section,  P1 (t), and the 
difference between the steam inlet and outlet mass flow rates,  m (t), for the inlet 
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section at different times are listed in tables 6.1 and 6.2, respectively. It is 
observed that  m (t) is negligible compared to the steam mass flow rate. 
 
Table 6.1 Pressure drop in steam across the inlet section 
 
Table 6.2  Steam inlet and outlet mass flow rates for the inlet section 
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The flue gas side and steam side heat transfer rates to the inlet section 
components wall at different times are listed in table 6.3. A higher rate of 
convective heat transfer occurs on the steam side as compared to the flue gas side. 
It is also observed that the steam heats or cools the inlet section components wall 
depending on rate of change in steam temperature at the HPSH1 entry. 
 
Table 6.3 Heat transfer rates to the inlet section components wall 
The inside and outside wall temperature distributions for the inlet section 
components at different times are shown in figures 6.19 and 6.20, respectively. A 
temperature difference is observed between the manifold and links of the section. 
This is because of the different rates of heating of these components, as the 
thicker-walled manifold takes longer to warm or cool as compared to the links. 
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Figure 6.19 Inside wall temperature distribution for the inlet section at different 
times 
 
Figure 6.20 Outside wall temperature distribution for the inlet section at different 
times 
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6.2.2 Harp tube section 
Each row of the harp tubes are subdivided into four types based on the 
steam mass flow rate at their inlet. This is done to reduce computational cost of 
transient analysis. Shown in figures 6.21 – 6.23 are; type 1 tubes with the lowest 
steam mass flow rate, type 2 and 3 tubes with the next two higher flow rates, and 
type 4 tubes with the highest steam mass flow rate.  
 
Figure 6.21 Subdivision of row 1 harp tubes into four types 
 
Figure 6.22 Subdivision of row 2 harp tubes into four types 
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Figure 6.23 Subdivision of row 3 harp tubes into four types 
 Table 6.4 shows the set of tubes belonging to each type for the three rows. 
Only one harp tube from each type is solved for each of the three rows as 
highlighted in table 6.4. 
 
Table 6.4 Set of harp tubes belonging to each type for the three rows 
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The temperature of flue gas for the harp tube section at every time instant 
is assumed to be uniform along the tube length, and calculated for each row from 
an overall heat balance between the steam and flue gas. Polynomial functions of 
time are fitted to represent the flue gas temperature for each row, figure 6.24. 
 
Figure 6.24 Flue gas temperatures for the three harp tube rows 
 The outside heat transfer coefficient, ho, for the three rows of HPSH1 harp 
tubes at t=0 second is calculated analytically using equations (84), (85), (86), and 
(87) so as to match the steam temperature at harp tubes exit with the plant-
measured temperature at the HPSH1 exit. 
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where, 
Tstm,in=mass-weighted-average steam temperature at the inlet of harp tubes 
Tstm,out=mass-weighted-average steam temperature at the outlet of harp tubes 
Tf= average flue gas temperature for the HPSH1 harp tubes 
l= length of finned harp tubes 
 ̇= average steam mass flow rate through harp tube 
do= outside harp tube diameter 
Uo = overall heat transfer coefficient for harp tubes  
  ho at t=0 second for the three harp tube rows is calculated to be equal to 
15.6 W/m
2
-K. The wall temperature distribution for each tube type for the three 
rows is provided by the steady state solution at t=0 second. This solution is 
calculated using ho for the three tube rows, steam mass flow rate through each 
tube type for the three rows, and flue gas temperature for each of the three tube 
rows. 
The mass-weighted-average steam temperature profile, inside and outside 
tube wall temperature profiles along the tube length for type 3 harp tube of  row 1 
at t= 0 second are shown in figure 6.25. The steam temperatures at the exit of each 
tube type for the three rows at t=0 second are listed in table 6.5. 
 
Table 6.5 Steam temperatures at the exit of each tube type at t=0 second 
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Figure 6.25 Results for type 3 harp tube of row 1 at t=0 second 
The outside heat transfer coefficient profiles for the three harp tube rows 
along their length at different times are shown in figure 6.26. The profiles from 
t=1200 second to t=9930 second are calculated from the flue gas velocity 
distributions upstream of HPSH1 (obtained by solving the HRSG model). The 
profiles for time interval t=0 second to t=1200 second are obtained by linear 
interpolation between the profiles at t=0 second and t=1200 second. The 
interpolation is performed iteratively to match the mass-weighted-average steam 
temperature at the exit of harp tube section with the plant-measured steam 
temperature at the HPSH1 exit. 
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Figure 6.26 Outside heat transfer coefficient for the three harp tube rows 
User-defined functions are used to define the time-dependent boundary 
conditions for transient analysis of the harp tube section. The computed time 
series plots of steam and flue gas temperature for each harp tube type are shown 
in figures 6.27 – 6.30. 
 
Figure 6.27 Steam and flue gas temperatures for type 1 harp tubes 
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Figure 6.28 Steam and flue gas temperatures for type 2 harp tubes 
 
Figure 6.29 Steam and flue gas temperatures for type 3 harp tubes 
 
Figure 6.30 Steam and flue gas temperatures for type 4 harp tubes 
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The results show that steam temperature at the exit of first tube row is 
higher as compared to the two downstream rows. This is because of the gradual 
drop in flue gas temperature as it flows over the rows. Figure 6.31 shows the heat 
transfer rate to steam for each row of type 3 harp tube. Also, the mass-weighted-
average steam temperature at the exit of the tubes is the lowest for type 4 tubes 
and the highest for type 1 tubes. 
 
Figure 6.31 Heat transfer rate to steam for type 3 harp tubes 
The maximum steam pressure drop across the harp tube section,  P2 (t), at 
different times is listed in table 6.6. The difference between the inlet and outlet 
steam mass flow rates,  m (t), for type 3 tube of row 1 at different times is given 
in table 6.7.  m (t) is negligible as compared to the nominal mass flow rate 
through the tube. 
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Table 6.6 Steam pressure drop across the harp tube section 
 
Table 6.7 Steam inlet and outlet mass flow rates for type 3 tube of row 1 
 The inside and outside tube wall temperature profiles along the tube length 
for type 3 tubes at different times are shown in figures 6.32 – 6.37. 
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Figure 6.32 Inside wall temperature for type 3 harp tube of row 1 
 
Figure 6.33 Inside wall temperature for type 3 harp tube of row 2 
 
Figure 6.34 Inside wall temperature for type 3 harp tube of row 3 
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Figure 6.35 Outside wall temperature for type 3 harp tube of row 1 
 
Figure 6.36 Outside wall temperature for type 3 harp tube of row 2 
 
Figure 6.37 Outside wall temperature for type 3 harp tube of row 3 
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6.2.3 Outlet section 
The initial condition for the outlet section is obtained from steady state 
solution corresponding to the operating condition at t=0 second. The steam 
temperature, and wall inside and outside temperature distributions for the 
components at t=0 second are shown in figures 6.38 and 6.39, respectively. 
 
Figure 6.38 Steam temperature distribution in the outlet section at t=0 second 
 
Figure 6.39 Outlet section components wall temperature distributions at t=0 
second 
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User-defined functions are constructed to define the time-dependent 
boundary conditions for the outlet section transient analysis. The computed mass-
weighted-average steam temperature at the exit of the section, figure 6.40, is 
found to be within ±8 K of the plant-measured temperature. 
 
Figure 6.40 Mass-weighted-average steam temperatures for different sections of 
the HPSH1 
Flue gas velocity and temperature distributions for the outlet section at 
different times are shown in figures 6.41 and 6.42, respectively. 
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Figure 6.41 Flue gas velocity distribution for the outlet section 
 
Figure 6.42 Flue gas temperature distribution for the outlet section 
The inside and outside wall temperature distributions for the outlet section 
components at different times are shown in figures 6.43 and 6.44, respectively. 
The row 1 header and links are hotter as compared to the headers and links of the 
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subsequent rows. This is because of the higher steam temperature at the exit of 
row 1 finned harp tubes. The links to manifold temperature difference is also 
observed, this is because of their different wall thicknesses. 
The pressure drop in steam across each of the three HPSH1 sections at 
different times is given in table 6.8. These results justify the assumption that the 
total pressure drop in steam across the HPSH1 at any time is very small as 
compared to the plant-measured pressure at the HPSH1 exit. It is also possible to 
solve again for the inlet and harp tube sections starting from t=8700 second to 
t=9930 second with the steam pressure at their exit equal to Po(t)+ P2(t)+ P3(t) 
and Po(t)+ P3(t), respectively, to reduce the  P to 56375 Pa, less than 1 percent 
of the measured pressure value. 
 
Figure 6.43 Inside wall temperature distribution for the outlet section at different 
times 
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Figure 6.44 Outside wall temperature distribution for the outlet section at different 
times 
 
Table 6.8 Pressure drop in steam across each of three HPSH1 sections 
 The computed steam mass flow rates at the entry and exit of HPSH1 are 
shown in figure 6.45. These results justify the assumption that the difference 
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between steam mass flow rates at the HPSH1 entry and the exit at any time is 
negligible compared to the nominal mass flow rate through it. 
 
Figure 6.45 Steam mass flow rates for HPSH1 
The heat transfer rates to steam for each of the three sections of HPSH1 at 
different times are shown in table 6.9. 99 percent of the total HPSH1 heat transfer 
rate is seen to occur in the harp tube section. 
 
Table 6.9 Heat transfer to steam for each of the three sections of HPSH1 
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6.3 Structural analysis for HPSH1 
 Structural analysis of HPSH1 for the cold start-up transient will be 
performed in future using the following thermal-fluid analysis results: 
 Inside and outside wall temperature distributions for manifold, links, 
headers, and unfinned tubes of the inlet section every 30 seconds for 9930 
seconds; 
 Inside and outside wall temperature profiles for finned harp tubes along 
their length every 30 seconds for 9930 seconds; 
 Inside and outside wall temperature distributions for manifold, links, 
headers, and unfinned tubes of the outlet section every 30 seconds for 
9930 seconds. 
 Average time-dependent steam pressure values for the inlet section, harp 
tube section, and outlet section after every 30 seconds for 9930 seconds. 
First, a transient thermal conduction analysis will be performed for 9930 
seconds based on the inside and outside wall temperature distributions. Next, a 
quasi steady-state structural analysis will be carried out using the temperature 
distributions from thermal conduction analysis and the time-dependent steam 
pressure values. 
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CONCLUDING REMARKS AND FUTURE WORK 
7.1 Concluding Remarks 
Finite volume CFD and finite element FEA numerical methodologies were 
adopted to carry out thermal-fluid and structural analysis, respectively, for the 
high pressure superheater 1 (HPSH1) of Santan unit-5B heat recovery steam 
generator (HRSG). This analysis was done to address the thermal-structural stress 
field induced in HPSH1 components during a cold start-up transient. Prior to the 
cold start-up transient analysis, thermal-structural analysis was performed at full-
load steady state condition in order to gain confidence in the CFD and FEA 
methodologies. All analysis was performed for one symmetrical half of the 
HPSH1 to reduce computational cost. 
Due to the large computational domain required for the analysis, the 
HPSH1 was modeled as an assembly of three sections: inlet section, harp tubes 
section, and outlet section. First, flue gas velocity and pressure distributions were 
solved for the HPSH1 region within HRSG. Next, thermal-fluid simulations were 
performed sequentially for the inlet section, harp tube section, and outlet section. 
The results of thermal-fluid analysis at full-load steady state and cold start-up 
transient conditions were presented; structural analysis results were shown only 
for the full-load steady state condition. Conclusions from the full-load steady state 
and cold start-up transient analyses are as follows. 
Full-load steady state analysis: flue gas velocity distribution was non-
uniform over the HPSH1 tube bank, with higher gas mass flow rate in the lower 
CHAPTER 7  
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region of the HRSG. Inlet section analysis results led to the observation that the 
headers were at higher temperature as compared to the manifold and links. This 
was due to lower flue gas temperature and velocity around the manifold and links. 
The harp tube section results revealed that the mass-weighted-average steam 
temperature at the exit of the harp tubes was highest for the tube row 1 and lowest 
for the tube row 3. This was due to a gradual temperature drop in the flue gas as it 
flowed over the rows. The difference in steam temperature at the exit of harp 
tubes resulted in the outlet header and links of tube row 1 being at higher 
temperature as compared to the rows 2 and 3 headers and links. Steam 
temperature at the HPSH1 exit was calculated to be 841.5K; this is in good 
agreement with the plant measured value (840K). It was observed that 99 percent 
of the total HPSH1 heat transfer occurred in the harp tube section. The calculated 
outer wall temperature at specific locations of the inlet links and outlet manifold 
were found to be in agreement with the plant-measured temperature values. 
Subsequent structural analysis of the HPSH1 assembly revealed that the 
peak effective stresses were located at the connecting regions of the manifold and 
links for the inlet section, and at the connecting regions of the headers and un-
finned tubes for the outlet section. The corresponding factors of safety based on 
the yield strength and tensile strength were calculated to be 4.8 and 6.8, 
respectively. These were well above their minimum values. 
Cold start-up transient analysis: this analysis was carried out for a time 
interval of 9930 seconds; at the end of this time interval, the steam mass flow rate 
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at the HPSH1 exit had attained the full-load steady state value. Analysis of the 
inlet section showed that steam either heated or cooled the thick-walled 
components of the section (manifold, links, and headers) depending upon the rate 
of change in steam temperature at the HPSH1 entry. A higher convective heat 
transfer rate occurred on the steam side as compared to the flue gas side for these 
components. Difference in wall thickness of the section components led to the 
different rates of heating of these. This resulted in a significant temperature 
difference between the manifold and links as the thicker-walled manifold took 
longer to warm or cool as compared to the links. The harp tubes were subdivided 
into four types for each row based on the steam mass flow rate through them in 
order to reduce the computational cost of transient analysis – type 1 had the 
lowest and type 4 the highest steam flow rate. Results for the harp tube section 
showed that mass-weighted-average steam temperature at the exit of the tubes 
was the lowest for type 4 and the highest for type 1 tubes. Also, the steam 
temperature at the exit of harp tube row 1 was higher, as compared to the two 
downstream rows because of decrease in flue gas temperature across the rows. 
This resulted in the outlet header and links of row 1 being hotter. The links-to-
manifold temperature difference was also observed in the outlet section because 
of their different wall thickness. The calculated mass-weighted-average steam 
temperature at HPSH1 exit was found to be within ±8 K of the plant-measured 
temperature value. During the analysis, there was some steam accumulation inside 
the HPSH1; however, the difference between steam mass flow rates at the HPSH1 
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entry and exit was less than 0.5 percent of the nominal mass flow rate at HPSH1 
exit.  
This analysis showed that there was a larger temperature difference 
between the components of HPSH1 during a cold start-up as compared to the full-
load steady state because of rapid changes during the transient, especially in 
steam temperature at the HPSH1 entry, as well as different rates of heating of 
components with different wall thicknesses. 
7.2 Future work 
 Results obtained from cold start-up transient thermal-fluid analysis of 
HPSH1, such as the inside and outside wall temperature distributions in the 
components, and the steam pressure in each section, will be used to carry out 
structural analysis.  
The CFD and FEA models developed can also be applied to other plant 
transients such as hot start-up, shut-down, and daily load change cycle to obtain 
the thermal-structural stress field induced in the HPSH1. Analysis of various plant 
transients will enable estimation of the fatigue life of the HPSH1 components. 
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